In this study, Salmonella prevalence and antimicrobial resistance were evaluated at various production stages in 2 geographically separated breeder farms (referred to as G and F). Day-old chicks for the breeder flock at farm F were purchased from farm G. A total of 219 Salmonella isolates, all identified as Salmonella enterica subsp. enterica serovar Enteritidis, were recovered from 1,430 samples (sick chicken carcasses and/or dead embryos). The isolation rates at breeder farms G and F were 10.53% (56/532) and 18.15% (163/898), respectively. Resistance to 4-6 antimicrobial agents was the most frequent phenotype during the laying stage at both farms, suggesting that chicks are exposed to higher risk of antimicrobialresistant Salmonella infection during this stage of the breeding process. Using clustered regularly interspaced short palindromic repeat (CRISPR) typing, 5 CRISPR patterns were identified, out of which one pattern was shared by the 2 farms. In addition, pulsed-field gel electrophoresis (PFGE) typing result indicated that 2 clusters (PF-1 and PF-2) were shared among the 2 breeder farms, suggesting that strains were transmitted from breeder farm G to farm F via the trade of day-old chicks. Our findings suggested that the trade of day-old breeder chicks could be one of the potential Salmonella transmission routes, and antibiotics should be administered with caution during the laying stage.
INTRODUCTION
Non-typhoidal Salmonella species, such as Salmonella enterica subsp. enterica serovar Enteritidis (S. Enteritidis), are among the most important zoonotic and foodborne pathogens worldwide (Scallan et al., 2011; EFSA, 2015; Kirk et al., 2015) . The Foodborne Disease Burden Epidemiology Reference Group of the WHO recently indicated that foodborne diarrheal disease agent caused 230,000 global deaths in 2010, of which non-typhoidal Salmonella account for 59,000 (Havelaar et al., 2015) . Moreover, the spread of antimicrobial-resistant pathogens from livestock to humans through the food chain is a major threat to public health (Cantas et al., 2013; Aarestrup, 2015; Campos et al., 2018) , and the spread of pathogenic Salmonella is particularly common (Hur et al., 2012) .
Chickens are common reservoirs of Salmonella, especially S. Enteritidis (Foley et al., 2011; Barrow et al., 2012; Painter et al., 2013) . In poultry farms, antibiotics can be used to treat disease and/or enhance growth/productivity, but indiscriminate and repeated abusive of antibiotics can promote the presence of multidrug resistant bacterial. In a recent study, poultryrelated multidrug resistant Salmonella clones were identified as causal pathogens in some cases of human infection (Hindermann et al., 2017) . Therefore, it is necessary to investigate the prevalence and antimicrobial resistance profiles of Salmonella in poultry farms to facilitate the rational management of farms and reduce the occurrence of Salmonella infections in humans.
Molecular genetic methods are widely applied in diagnostic and epidemiological analyses of bacterial pathogens (Lukinmaa et al., 2004) . Pulsed-field gel 4374 electrophoresis (PFGE) is the gold standard for Salmonella subtyping and is commonly used in public health surveillance laboratories (Foley et al., 2007; Wattiau et al., 2011) . Recent studies have indicated that clustered regularly interspaced short palindromic repeat (CRISPR) typing is a valuable method for subtyping Salmonella serovars (Liu et al., 2011; Xie et al., 2017; Li et al., 2018) , such as S. Enteritidis, which can be difficult to discriminate by PFGE (Gerner-Smidt et al., 2006; Zheng et al., 2007) . Most Salmonella chromosomes contain 2 distinct CRISPR loci (CRIPSR1 and CRISPR2), and the CRISPR typing of S. Enteritidis was performed by combining CRISPR1 and CRISPR2 into 1 allele and displayed with arrangement of CRISPR spacers (Touchon and Rocha, 2010) . The combined use of PFGE and CRISPR typing is an effective approach for investigating Salmonella transmission routes and infection sources within or between breeder farms.
The Salmonella prevalence has been studied extensively in China (Cui et al., 2016; Huang et al., 2016; Fei et al., 2017; Li et al., 2017; Zhou et al., 2017) . However, few epidemiological studies have evaluated different poultry farms, especially breeder farms. In this study, we collected 1,430 samples (sick chicken carcasses and/or dead embryos) to investigate Salmonella prevalence and antimicrobial resistance profiles at various production stages at 2 geographically separated breeder farms of more than 700 km apart. PFGE and CRISPR typing methods were both applied to evaluate the genetic relatedness among the isolates.
MATERIALS AND METHODS

Sample Collection
A total of 1,430 samples (detailed in Table 1) were collected from sick chicken carcasses and/or dead embryos between April, 2016 and April, 2017 in 2 breeder farms (farm F and farm G). Farm F is a parent breeder farm located in Jiangsu Province, China, and G farm, which is 700 km apart from F farm, is a grandparent breeder farm located in Shandong Province, China. Importantly, all of the day-old breeder chicks at farm F were regularly purchased from farm G during the time of this study. Before introduction of day-old chicks, the chicken houses of farm F and transport vehicles were carefully disinfected. Samples were collected at 5 different production stages, i.e., brooding (the period immediately after the introduction of day-old chicks purchased from farm G), rearing (the major transition phase, during which breeder birds go through sexual development), laying (the egg-laying stage), hatching (the hatching of eggs in the hatchery), and post-hatching (the period in the hatchery immediately after hatching). Diseased chicken carcasses and/or dead embryos were collected. Samples were transported to the laboratory in insulated ice chest containing ice packs within 24 h.
Salmonella Isolation and Serotyping
Pre-enrichment of the samples for Salmonella isolation was performed according to previously described methods (Fei et al., 2017) . Briefly, liver and yolk sac samples were aseptically collected from diseased chickens and dead embryos, respectively. Each sample (about 10 g) was added to 100 mL of buffered peptone water and incubated at 37
• C for 16-20 h. Then, a 0.1-mL aliquot of each pre-enriched culture was inoculated into 10 mL of Rappaport-Vassiliadis enrichment broth (BD Difco, Sparks, MD, USA) at 42
• C for 24 h. Subsequently, 1 loopful of each Rappaport-Vassiliadis broth culture was streaked onto a xylose-lysine-tergitol 4 (BD Difco) agar plate and incubated at 37
• C for 24-48 h. Presumptive colonies were picked and submitted for identification using the API 20E Test Kit (bioMérieux, Marcy l'Etoile, France). Salmonella isolates were serotyped by agglutination tests using specific H and O antisera (Tianrun Bio-Pharmaceutical, Ningbo, China) according to the manufacturer's instructions.
Antimicrobial Susceptibility Testing
The Kirby-Bauer disk diffusion test was performed using Mueller-Hinton agar plates as described by the Clinical and Laboratory Standards Institute (CLSI) (CLSI, 2013) . The 178 tested strains (detailed in 
Clustered Regularly Interspaced Short Palindromic Repeat Typing of S. Enteritidis
A total of 161 S. Enteritidis strains representing different survey stages and breeder farms were randomly selected and subjected to CRISPR typing. These strains were grown aerobically in Luria-Bertani broth at 37
• C with shaking at 180 rpm overnight. Genomic DNA was extracted using the TIANamp Bacteria DNA Kit (Tiangen, Beijing, China) in strict accordance with the manufacturer's protocol and stored at -20
• C until needed. A PCR analysis of CRISPR loci and sequencing were performed as described previously (Xie et al., 2017; Li et al., 2018) . Identification of spacer sequences at each CRISPR locus was performed using CRISPRFinder (Grissa et al., 2007b) , and each spacer was named according to previous studies (Grissa et al., 2007a; Fabre et al., 2012) . The CRISPR type was identified by comparing the combined arrangement of CRISPR spacers (Touchon and Rocha, 2010) .
Pulsed Field Gel Electrophoresis
After CRISPR typing, a total of 55 S. Enteritidis strains were randomly selected from 5 different CRISPR clusters representing various survey stages in both breeder farms and subjected to PFGE analysis. PFGE was performed according to the PulseNet PFGE protocols for Salmonella (http://www.pulsenetinternational.org/protocols) with XbaI as the restriction enzyme. The stained gels were visualized and photographed using a UV transilluminator (Bio-Rad, Hercules, CA, USA). The images were analyzed using BioNumerics software v7.5 (Applied Maths, Sint-Martens-Latem, Belgium), as detailed in the user manual. Clustering was carried out by the unweighted pair-group average method with bandmatching settings of 0.5% optimization and 1.5% position tolerance. The isolates with a dice correlation coefficient of greater than 80% were considered genetically related and were assigned to the same PFGE cluster (Tenover et al., 1995) .
Statistical Analysis
The Salmonella prevalence at different production stages or breeder farms as well as resistance to 15 antimicrobial agents were analyzed with the chi-squared test using SPSS Statistics v20.0 (IBM Corp., Armonk, NY, USA). P-values of <0.05 were considered statistically significant.
RESULTS
Prevalence and Serotyping of Salmonella Isolates
The prevalence of Salmonella isolated at various stages in 2 breeder farms (referred to as G and F) is summarized in Table 1 . A total of 219 (15.31%) isolates, all of which were identified as S. Enteritidis, were recovered from 1,430 samples. Among these isolates, 56 (10.53%) and 163 (18.15%) were recovered from breeder farm G and breeder farm F, respectively. The prevalence differed significantly between these 2 farms (P < 0.05). At breeder farm G, the isolation rate increased significantly (P < 0.05) from the laying stage (6.8%) to the hatching stage (23.33%). At breeder farm F, there was a significant increase from the brooding stage (6.19%) to the rearing stage (14.55%), and the prevalence was similar in the subsequent laying and hatching stages (laying, 23.29%; hatching, 24.52%). The prevalence at the post-hatching stage, i.e., 15.71%, was substantially lower than that at the hatching stage at breeder farm F.
Characterization of Antimicrobial Resistance Phenotypes
A total of 178 Salmonella isolates were tested for susceptibility to 15 antimicrobial agents. The results are summarized according to farm and production stage in Table 2 . In general, the resistance rate was highest for NAL (89.89%), followed by AMP (56.74%), AMC (50.00%), and STR (43.82%). The rates of resistance to CZO and TCY were similar (29.78% and 28.09%, respectively), and rates of resistance to the other antimicrobial agents were less than 10% (SXT and CHL, 8.99%; NIT, 6.18%; ATM, KAN, and CIP, 5.62%; GEN, 1.69%; MEM, 0.56%; AMK, 0.00%).
As shown in Figure 1A and Table 2 , the rates of resistance to most of the tested antimicrobial agents were similar with breeder farm G and breeder farm F. However, the rates of resistance to TCY, SXT, CIP, CHL, and NIT differed significantly within the 2 breeder farms. As shown in Figure 1B , in farm G, 12 out of 15 tested antimicrobial agents showed that the isolates got a higher resistance rate at laying stage. Comparatively, only 1 tested antimicrobial agent (NAL) showed that the isolates got a higher resistance rate at hatching stage. Similarly, in farm F, 11 out of 15 tested antimicrobial agents showed that the isolates got the highest resistance rate at laying stage ( Figure 1C) .
The antimicrobial resistance patterns for the isolates at different stages in the 2 breeder farms are outlined in Table 3 . All 178 isolates were resistant to one or more of the 15 tested antimicrobial agents. About half (50.56%) of the isolates were resistant to 1-3 tested antimicrobial agent(s), and 41.57% of the isolates were resistant to 4-6 tested antimicrobial agents. Less than 10% of isolates were resistant to 7-9 and 9 or more tested antimicrobial agents (6.74% and 1.12%, respectively).
The frequencies of the isolates resistant to 1-3 and 4-6 tested antimicrobial agents were similar at breeder farms G and F (Table 3) . A total of 25 (44.64%) and 21 (37.50%) isolates were resistant to 1-3 and 4-6 tested antimicrobial agents, respectively, at breeder farm G. At breeder farm F, 65 (53.28%) isolates were resistant to 1-3 agents and 53 (43.44%) were resistant to 4-6 agents. The percentage of isolates resistant to 7-9 tested antimicrobial agents was higher at breeder farm G (17.86%) than at breeder farm F (1.64%). The antimicrobial resistance patterns of the isolates differed among stages at each breeder farm, and the percentage of strains resistant to 4-6 tested antimicrobial agents was highest during the laying stage at both breeder farm G (53.57%) and breeder farm F (55.33%).
CRISPR Typing Analysis
The arrangements of CRISPR-1 and CRISPR-2 spacers and their distributions in the 2 farms are illustrated in Figure 2 . A total of 161 S. Enteritidis isolates were divided into 5 CRISPR sequence types, named SET-A, SET-B, SET-C, SET-D, and SET-E (Figure 2 ). Three CRISPR-1 and three CRISPR-2 alleles were identified following the sequencing of these loci. CRISPR-1 alleles included 7 or 8 spacers, and CRISPR-2 alleles included 7, 10, or 11 spacers.
The distributions of 161 S. Enteritidis CRISPR sequence types at various stages in 2 breeder farms are compared in Figure 3 . SET-C type was discovered at both farms. SET-A and SET-B types were only discovered at breeder farm G, and SET-D and SET-E types were only detected at breeder farm F. At breeder farm G, 56 tested isolates were divided into 34 SET-A type isolates, 18 SET-C type isolates, and 4 SET-B isolates. SET-C and SET-B types were only discovered during the hatching stage, and SET-A type was discovered during the laying and hatching stages. At breeder farm F, 105 tested isolates were divided into 69 SET-E type isolates, 28 SET-C type isolates, and 8 SET-D type isolates. SET-E type was discovered during the brooding, laying, hatching, and post-hatching stages, SET-C type was discovered during the rearing, laying, hatching, and post-hatching stages, and SET-D type was discovered during the brooding and hatching stages. a "0" indicates that isolates are not resistant to any of the 15 tested antimicrobial agents; "1-3" indicates the isolates are resistant to 1, 2, or 3 tested antimicrobial agent(s); "4-6" indicates that isolates are resistant to 4, 5, or 6 tested antimicrobial agents; "7-9" indicates that isolates are resistant to 7, 8, or 9 tested antimicrobial agents; ">9" indicates that isolates are resistant to 10 or more tested antimicrobial agents.
b Boldface type indicates the predominant antimicrobial resistance pattern at each stage.
PFGE Analysis
A dendrogram of PFGE patterns for the 55 S. Enteritidis strains analyzed by CRISPR typing in this study is shown in Figure 4 . The isolates were divided into 2 clusters by PFGE, i.e., PF-1 and PF-2. A total of 25 XbaI profiles were identified with similarity coefficients of 69.7%-100%. The majority of XbaI profiles were assigned to cluster PF-2, which included 49 strains isolated from breeder farm F and breeder farm G. In a comparison of the PFGE and CRISPR typing results, PF-1 isolates belonged to SET-B or SET-D by CRISPR typing, and PF-2 isolates belonged to SET-A, SET-C, or SET-E by CRISPR typing. In most cases, isolates in different CRISPR clusters exhibited divergent antimicrobial resistance patterns, while those in the Figure 2 . Graphical representation of spacer arrangements in CRISPR1 and CRISPR2 for the 161 S. Enteritidis sequence types isolated from breeder farm G and breeder farm F. The numbers of isolates with a given CRISPR cluster are listed in italics after the cluster name. Repeats are not included; only spacers are listed. The direction of the spacer arrangements is 5 to 3 . Each unique spacer is represented by a unique combination of background colors. Spacers were aligned, and gaps represent the absence of a particular spacer. P125109 is the S. Enteritidis strain deposited in GenBank (Accession number AM933172). same cluster exhibited similar patterns. For example, 5 out of 10 isolates of SET-A type showed the same antimicrobial resistance pattern (AMP-AMC-TCY), and among the 26 isolates of SET-E type, 15 and 6 isolates showed the same antimicrobial resistance patterns (NAL and AMP-CZO-ATM-NAL, respectively).
DISCUSSION
Salmonellosis is one of the most important foodborne bacterial diseases (Scallan et al., 2011; Kirk et al., 2015) ; in 2015, S. Enteritidis and S. Typhimurium were the most common serotypes identified in 88,715 confirmed salmonellosis cases in Europe (EFSA, 2015) . A recent meta-analysis study showed that Salmonella was one out of 5 most prevalent pathogenic bacteria in Chinese food commodities between 2006 and 2016 (Paudyal et al., 2018) . In this study, all Salmonella isolates from 2 breeder farms were identified as S. Enteritidis, and the overall isolation rate was 15.31%. These results were consistent with those of recent studies in China (Cui et al., 2016; Huang et al., 2016; Fei et al., 2017) , indicating that S. Enteritidis is the most frequent serovar isolated from poultry farms or the poultry supply chain. Some researchers have suggested that the decreasing prevalence of S. Gallinarum and S. Pullorum in the poultry industry worldwide may have allowed S. Enteritidis populations to expand in poultry flocks (Rabsch et al., 2000 (Rabsch et al., , 2001 , providing a potential explanation for our results. However, other studies have revealed different dominant serovars, e.g., in Canada and Ghana, S. Heidelberg and S. Kentucky predominate, respectively (Sivaramalingam et al., 2013; Andoh et al., 2016) . Accordingly, the dominant serovar can vary among geographical locations.
Information regarding the presence of Salmonella at various production stages in breeder farms can provide an important reference for the prevention and control of Salmonella infection. Our results indicated that the prevalence of Salmonella was higher at breeder farm F (18.15%), whose day-old breeder chicks were purchased from breeder farm G, than at breeder farm G (10.53%). In combination with the molecular typing results, this finding supports the hypothesis that a part of genetically similar S. Enteritidis from breeder farm G was transmitted to breeder farm F via the trade of dayold chicks, and these pathogenic isolates subsequently increased in frequency. The prevalence was highest during the hatching stage at both breeder farms and was also fairly high during the laying stage. During these 2 production stages, changes in the management of conditions, such as the stocking density, temperature, and light levels, can affect the Salmonella prevalence (Gast et al., 2013; Parisi et al., 2015; Jones et al., 2016) . In addition, the high contamination rate during the laying stage can also be explained, in part, by the immunological changes in breeder chickens at this stage (Johnston et al., 2012) .
Antimicrobial resistance is a global health issue, threatening the effective prevention and treatment of an increasing range of infections caused by bacteria (Laxminarayan et al., 2013; Baur et al., 2017; Nhung et al., 2017) . In this investigation, an extremely high rate (88.89%) of NAL resistance was observed in the strains isolated from the 2 breeder farms, similar to recently published studies (Cui et al., 2016; Fei et al., 2017) . The highly quinolone-resistant strains in poultry are a concern owing to their ability to infect humans and withstand treatment (Lee et al., 1994; Le Lostec et al., 1997; Chai et al., 2012; Nesbitt et al., 2012) . Unexpectedly, there was a low rate (5.62%) of resistance to CIP, another type of quinolone, and it was reported that NAL-resistant Salmonella have reduced susceptibility to CIP (Asna et al., 2003; Hakanen et al., 2005) . The high resistance to AMP (56.7%) and STR (43.82%) observed in this study may be related to the antibiotic use at these breeder farms. Comparing the antimicrobial resistance profiles of isolates at the 2 breeder farms, a higher rate of resistance to most of the tested antimicrobial agents was observed at the laying stage than at the other stage(s) for both farms. Furthermore, resistance to 4-6 tested antimicrobial agents was the most frequent phenotype during the laying stage at the 2 farms. These results suggest that antibiotics should be administered with caution during the laying stage, particularly the administration of fluoroquinolones.
In this study, 161 S. Enteritidis strains isolated at different production stages in 2 breeder farms were subdivided by CRISPR typing. The most common CRISPR type differed between the 2 breeder farms (SET-A in farm G and SET-E in farm F), suggesting that the 2 breeder farms may have a part of genetically distinct S. Enteritidis strains. This result was reasonable, given the geographical separation between the 2 farms. Identification of the infection sources can help to control and eliminate these pathogens. The 2 clusters (PF-1 and PF-2) included the strains isolated from breeder farm G and breeder farm F, and CRISPR typing also showed that SET-C type included strains isolated from both farms. The day-old breeder chicks in farm F were purchased from farm G, suggesting a route by which S. Enteritidis strains might spread between farms.
In addition, both PFGE and CRISPR typing indicated that some typing cluster(s) included strains isolated at different production stages; for example, the SET-C type strains were observed in samples from the rearing, laying, hatching, and post-hatching stages. These results suggest that some S. Enteritidis SET-C type may have spread across stages of the production processes in the 2 farms. Interestingly, we did not find SET-C type strains during early production stage, brooding stage, in farm F. This could be caused by the reasons that low numbers of tested isolates (only 13 strains were isolated from 210 samples collected at brooding stage in this study) and the latency Salmonella infection status of day-old chicks (Thomas et al., 2009) .
In a comparison between the PFGE and CRISPR typing results, the PF-1 isolates were assigned to SET-B or SET-D by CRISPR typing, and the PF-2 isolates were assigned to SET-A, SET-C, or SET-E by CRISPR typing. These results are consistent with some previous results (Gerner-Smidt et al., 2006; Zheng et al., 2007) and indicate that CRISPR typing is a suitable molecular method for S. Enteritidis subtyping (Liu et al., 2011; Li et al., 2018) . In addition, the CRISPR typing results showed that the strains belonging to the same cluster exhibited one or 2 similar antimicrobial resistance pattern(s), suggesting that CRISPR typing is capable of distinguishing Salmonella subpopulations with distinct resistance profiles (DiMarzio et al., 2013) .
CONCLUSIONS
Salmonella is one of the most important foodborne pathogens; accordingly, it is essential to understand its prevalence and antimicrobial resistance patterns in breeder farms for the prevention and control of Salmonella infections. In this study, S. Enteritidis strains, most of which were resistant to NAL, were dominant in 2 geographically separated breeder farms.
PFGE and CRISPR typing results suggested that S.
Enteritidis is able to spread between the breeder farms via the introduction of day-old breeder chicks. In addition, the high prevalence and antimicrobial resistance rates identified during the laying production period implied that this stage is a high-risk phase for Salmonella infection. According to these results, we suggest that strict biosecurity and Salmonella detection should be implemented during the introduction of day-old chicks from other farms. Interventions like vaccines and probiotics can be considered to apply to reduce Salmonella transmission and contamination. Furthermore, efficient measures to facilitate the reasonable use of antibiotics, especially fluoroquinolones, in breeder farms are necessary. Further research is needed to compare the Salmonella prevalence and antimicrobial resistance profiles in poultry farms and retail markets, and to evaluate the corresponding effects on human health.
